Introduction
============

Anaplastic thyroid carcinoma (ATC) is one of the most aggressive endocrine neoplasms, which has a high mortality rate despite the fact that ATC only accounts for 2% of all thyroid cancers ([@b1-or-43-05-1491]). The median survival period of patients with ATC is less than half a year, and the 1-year survival rate is less than 20% after diagnosis ([@b2-or-43-05-1491]--[@b4-or-43-05-1491]). However, many patients spend money and ultimately succumb to ATC due to dismal prognosis, incurability, side effects, and complexity of treatment ([@b5-or-43-05-1491]).

Vascular endothelial growth factor receptor 2 (VEGFR2) is a cell membrane receptor that plays a critical role in the process of transforming precancerous lesions into malignant tumors with growth and metastasis ([@b6-or-43-05-1491]). At present, evidence has revealed that the overexpression of VEGFR is closely associated with poor prognosis and tumor metastasis in numerous highly aggressive cancers including lung, cervical and thyroid cancer as well as glioblastoma ([@b7-or-43-05-1491]--[@b9-or-43-05-1491]). In addition, several VEGFR inhibitors (sorafenib, vandetanib, axitinib, and cabozantinib) have been evaluated to treat advanced thyroid cancers for their ability to block angiogenesis involved in the process of local invasion and metastasis ([@b1-or-43-05-1491]).

Molecular chaperone, especially heat shock protein 90 (HSP90) has been confirmed as an effective anticancer treatment. The overexpression of HSP90 has been revealed in numerous human malignancies, and correlated with aggressive biological behaviors, poor survival rates, as well as with the genesis and progression of tumors ([@b10-or-43-05-1491]--[@b12-or-43-05-1491]). In fact, the first inhibitor to act on HSP90, 17-allylamino-17-demethoxygeldanamycin (17-AAG) has shown great promise with significant biological activity, and its clinical derivatives are widely used as anticancer drugs ([@b13-or-43-05-1491]--[@b15-or-43-05-1491]).

PI3-kinase proteins, such as mammalian target of rapamycin (mTOR) have been revealed to control cell growth, survival, proliferation, and migration in human cancers, including ATC ([@b16-or-43-05-1491],[@b17-or-43-05-1491]). The mTOR pathway has been revealed to be over-activated in thyroid cancer ([@b18-or-43-05-1491],[@b19-or-43-05-1491]). 9-(6-Aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one (Torin2), as a second-generation mTOR inhibitor, has been gaining attention in the last few years for antitumor drug development due to the dual inhibition effect of mTORC1 and mTORC2 ([@b16-or-43-05-1491],[@b18-or-43-05-1491]).

However, most anticancer drugs still have some disadvantages, such as poor solubility, inefficient cellular uptake, dose-limiting toxicity, and low bioavailability ([@b15-or-43-05-1491],[@b20-or-43-05-1491]). Silica, an endogenous substance, which is abundant in bone tissue, is considered 'generally safe' by the U.S. Food and Drug Administration (FDA) ([@b21-or-43-05-1491],[@b22-or-43-05-1491]). Currently, the FDA has approved silica nanoparticle-based drugs for human phase I clinical trials ([@b23-or-43-05-1491]). Among numerous silica materials, mesoporous silica nanoparticles (MSNs) have been widely investigated for biomedical applications such as controlled drug delivery, tissue engineering, and biological imaging especially as a tool for diagnosis and treatment of tumors ([@b21-or-43-05-1491],[@b24-or-43-05-1491],[@b25-or-43-05-1491]). In the present study, mesoporous silica nanoparticles (MSNs) were used as a biocompatible drug delivery system, which could increase the solubility of water-soluble drugs, enhance their bioavailability and reduce toxicity of normal tissues ([@b4-or-43-05-1491],[@b26-or-43-05-1491],[@b27-or-43-05-1491]).

Inspired by the key role of the VEGFR signaling pathway in tumor growth, metastasis, and the advantages provided by MSNs, in this study, a new 2-in-1 MSNs targeting VEGFR2, containing 17-AAG and Torin2 was constructed. The present study was designed to investigate whether MSNs can be used as a delivery vector for anticancer drugs and to evaluate the effects of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab on ATC tumor growth.

Materials and methods
=====================

### Cell culture

The Nthy-ori 3-1 normal human thyroid cell line and the FRO anaplastic thyroid carcinoma cell line (a non-metastatic cell line) were purchased from the Cell Resource Center of the Institute of Basic Medical Sciences, Beijing Medical College, Peking Union Medical College, China. FRO cells were inoculated into Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (both from Gibco; Thermo Fisher Scientific, Inc.), 100 M/ml streptomycin and 100 U/ml penicillin (both from Sigma-Aldrich; Merck KGaA). The Nthy-ori 3-1 cells were grown in F12K medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 100 M/ml streptomycin, 100 U/ml penicillin. A 75-cm^2^ cell culture flask was then placed in a humidified incubator (Thermo-Forma; Thermo Fisher Scientific, Inc.) with 5% CO~2~ at 37°C. Cells at \~80% confluence were used in subsequent experiments.

### Cell viability assay

Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich: Merck KGaA) assay ([@b28-or-43-05-1491],[@b29-or-43-05-1491]). FRO cells in logarithmic phase (2.5×10^3^ cells/well) were inoculated into a 96-well plate. Cells were cultured and divided into six groups: 17-AAG-treated (0.1, 0.2, 0.5, 1, 2, and 5 µM) cells; Torin2-treated (0.1, 0.2, 0.5, 1, 2, and 5 µM) cells; Torin2 (0.1, 0.2, 0.5, 1, 2, and 5 µM) combined with 17-AAG-treated (the concentration ratio of 17-AAG and Torin2 was 1:1) cells; Torin2 (0.1, 0.2, 0.5, 1, 2, and 5 µM) combined with 17-AAG-treated (the concentration ratio of 17-AAG and Torin2 was 2:1) cells; negative control groups (cells were treated with DMSO as a control), and blank control groups. After incubation with the drugs for various time-points, 20 µl MTT was added to each well and incubation continued for 2 h at 37°C. Finally, the optical density (OD) was measured at 492 nm using a 96-well microplate reader (Bio Tek Instruments). Cell viability (%) = \[(OD of experiment group-OD of blank group)/(OD of negative control group-OD of blank group)\] ×100%. All experiments were in the triplicate model.

### Drug combination analysis

The combined effects of various concentrations and ratios of 17-AAG and Torin2 were assessed using CompuSyn software ([www.combosyn.com](www.combosyn.com)). The combination index (CI) was assessed according to the Chou-Talalay method ([@b30-or-43-05-1491]). In brief, a CI value which was \<1, equaled to 1, or \>1 indicated a synergistic effect, an additive effect and antagonistic effect, respectively.

### Synthesis of MSNs and modification

The synthesis of mesoporous silica nanoparticles (MSNs) was performed as previously reported ([@b4-or-43-05-1491],[@b31-or-43-05-1491]). Briefly, cetyltrimethyl ammonium bromide (CTAB; Sigma-Aldrich; Merck KGaA) was dissolved in a solution of water (25 ml), ethanol (5 ml), and caustic soda solution (100 µl; 2 M) and heated to 75°C under vigorous stirring conditions. Then, tetraethyl orthosilicate (TEOS; 200 µl; Sigma-Aldrich; Merck KGaA) was added dropwise and mixed at 75°C for 2 h. Next, the reaction solution was centrifuged (11,000 × g, 10 min), washed several times with ethanol, and dried in a vacuum oven at 60°C for 12 h. After removal of surfactant template (CTAB), MSNs were obtained. Finally, MSNs were ultrasonically dispersed in a solution of dimethyl sulfoxide (DMSO; 5 ml); and 3-aminopropyltriethoxysilane (APTES; 100 µl; Sigma-Aldrich; Merck KGaA), stirred at 24°C for 12 h. The product of MSNs-NH~2~ was separated by centrifugation (11,000 × g, 10 min), washed several times by ethanol, and dried in a vacuum at room temperature overnight.

### Characterization of nanoparticles

Transmission electron microscope (TEM; JEOL-100CXII) was used to determine the morphology and size of the nanoparticles \[MSNs, (17-AAG+Torin2)\@MSNs, and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab\]. Briefly, nanoparticles were dissolved in PBS solution (10 mM, pH 7.4) and one drop of fully diluted nanoparticle suspension was deposited on a carbon-coated copper grid, and dried at room temperature for 36 h. Then, TEM images were captured at 200 kV accelerating voltage. The hydrodynamic sizes of nanoparticles were assessed by dynamic light scattering (DLS) using a Zetasizer (Nano ZS90; Malvern Instruments, Ltd.).

### Flow cytometric analysis

The binding of (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab to target FRO cells was detected by flow cytometry ([@b32-or-43-05-1491]). FRO cells (5×10^6^ cells) were seeded into a cell culture flask and grown to 80--90% confluence. A 1-ml solution of (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab (1 mg/ml, labeled with FITC) each was added to the flask. Then, the cells were cultured for 0.5, 3 and 8 h, respectively. Subsequently, the supernatant was discarded and the sediment was washed thoroughly with PBS 3--4 times before digestion with trypsin. After centrifugation at 0.5 × g for 5 min at room temperature, 300 µl of formaldehyde was added. Finally, a BD FACSCalibur flow cytometer (BD Biosciences), equipped with a 490-nm laser source was used to analyze the cells.

### In vitro cytotoxicity of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab

In order to further assess the effectiveness of VEGFR2-targeted chemotherapy of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab *in vitro*, human anaplastic thyroid carcinoma FRO cells which was high VEGFR2 expression were selected as the cell category and were treated with free (17-AAG+Torin2), or an equivalent dose of (17-AAG+Torin2) loaded into either MSNs or MSNs-anti-VEGFR2 ab (nanoparticles were diluted in complete media) for 48 h, and cell viability was determined by a MTT assay.

### Tumor xenografts in nude mice and in vivo experimentation; ([@b33-or-43-05-1491],[@b34-or-43-05-1491])

Female nude mice (Balb/c, 4 weeks) were obtained from the Beijing Experimental Animal Research Center at Peking Union Medical College and housed in the Laboratory Animal Center of Tianjin Medical University with a constant temperature (21--25°C) and permissible relative humidity (40--60%). The female nude mice (n=18) were inoculated with FRO cells (5,000,000 cells per mouse) in the subcutaneous tissue under the shoulder, and when the tumor diameter of the nude mice reached \~10 mm, the mice were randomly divided into three groups and were administered an intra-tumoral injection of normal saline, (17-AAG+Torin2)\@MSNs or (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab (nanoparticles were diluted in a medium with saline). Mice were weighed every three days, and the tumor volumes were measured at the same time. The tumor volume was determined using the following formula: The tumor volume=4π/3× (1/2 length ×1/2 height ×1/2 width) ([@b4-or-43-05-1491]). The mice *pentobarbital sodium anesthesia (50 mg/kg)* and complete cardiac arrest as the standard for death if they were unable to eat or lost \>20 percent of their body weight or had tumors \>20 mm in diameter. All animal experimental procedures were performed with strict accordance with guidelines approved by the Institutional Animal Experiments Ethics Committee of Tianjin Medical University General Hospital.

### Histopathology and immunohistochemistry

An immunohistochemical experiment was performed with the following antibodies: A rabbit primary Ki-67 antibody (cat. no. A700-021; Thermo Fisher Scientific, Inc.) at a dilution of 1:200, a goat anti-rabbit secondary antibody (cat. no. A-11034; Thermo Fisher Scientific, Inc.) at a dilution of 1:500, a rat anti-mouse CD34 antibody (cat. no. 551387; BD Biosciences) at a dilution of 1:400, and a goat anti-rat secondary antibody (cat. no. 554017; BD Biosciences) at a dilution of 1:800. Briefly, 5-mm thick paraffin-embedded sections were first dewaxed in xylene and the slides were then washed with ethanol. Thereafter, the sections ware washed several times by PBS. Endogenous blocking was blocked with 3% H~2~O~2~ and then blocked with protein blocking solution (1% normal goat serum and 5% normal horse serum). The sections were then incubated overnight at 4°C with a primary antibody, washed with PBS three times and then incubated at 37°C for 1 h with a secondary antibody. The sections were then washed three times with PBS and then incubated with DAKO-REAL^™^ En-Vision^™^ detection system (Dako) for 1 h, and then counterstained with Mayer\'s hematoxylin (Thermo Fisher Scientific, Inc.) and visualized using diaminobenzidine (Thermo Fisher Scientific, Inc.)

### Statistical data analysis

Each experiment was repeated three times in order to ensure the accuracy of the experimental results, except for special instructions. SPSS software (SPSS 15.0; SPSS, Inc.) was used for data analysis, and ANOVA statistical analysis followed by LSD post hoc test were used to compare different time-points in each concentration group, and results were expressed as the mean ± standard deviation (SD). Animal survival data were analyzed using Kaplan-Meier curves and the log-rank test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Inhibition effects of 17-AAG and Torin2 on FRO cell proliferation in vitro

An MTT assay was conducted to evaluate the effects of 17-AAG and Torin2 on FRO cell proliferation. The results indicated that 17-AAG or Torin2 markedly inhibited FRO cell proliferation in a time- and dose-dependent manner in the concentration range from 0.1 to 5 µM (0.1, 0.2, 0.5, 1, 2, and 5 µM) ([Fig. 1A and B](#f1-or-43-05-1491){ref-type="fig"}). The inhibition of cell proliferation was significantly increased by 17-AAG and Torin2 with increasing drug concentrations, especially in the concentration range of 0.1 to 1 µM (0.1, 0.2, 0.5, 1 µM). The obtained half maximal inhibitory concentration (IC~50~) of Torin2 for 24, 48, 72 h was 3.44 µM, 0.81 and 0.27 µM, respectively. Concurrently, the IC~50~ of 17-AAG for 24, 48, 72 h was 65 µM, 1.18 and 0.35 µM, respectively. The cytotoxicity of Torin2 on FRO cells was higher than 17-AAG when using the same concentration, thus, the ratios of 17-AAG and Torin2 selected may be 1:1, 2:1 or 3:1. Considering the economic costs, a ratio of 1:1 or 2:1 was finally adopted to investigate the synergy in the further experiment. The results of the cytotoxicity assay revealed that 17-AAG or Torin2 treatment alone may inhibit FRO cell proliferation *in vitro* ([Tables I](#tI-or-43-05-1491){ref-type="table"} and [II](#tII-or-43-05-1491){ref-type="table"}).

### Synergistic inhibitory effect of 17-AAG and Torin2 on anaplastic thyroid carcinoma cell growth

To assess the inhibitory effect of 17-AAG and Torin2 on cell proliferation, FRO cells were incubated with increasing concentrations of the combination of 17-AAG and Torin2 for 48 h. As revealed in [Fig. 1C](#f1-or-43-05-1491){ref-type="fig"}, when 17-AAG and Torin2 were combined, FRO cell viability was markedly decreased. When the concentration ratio of 17-AAG and Torin2 was 1:1 or 2:1, the IC~50~ of FRO cell was 0.33 and 0.26 µM, respectively. At most concentrations, there were no significant differences in the inhibition of cell proliferation when comparing the concentration ratios of 17-AAG and Torin2 at 1:1 or 2:1 ([Fig. 1C](#f1-or-43-05-1491){ref-type="fig"} and [Table III](#tIII-or-43-05-1491){ref-type="table"}). Furthermore, the combination index (CI) was calculated using CompuSyn software. A CI plot revealed that the combination of 17-AAG and Torin2 exhibited an antitumor effect at many points, which was a synergistic effect at play. Synergistic effects occurred (CI\<1) in FRO cells when the total concentrations of the two drugs \>0.52 µM (the ratio of 17-AAG and Torin2 was 1:1) or 0.79 µM (the ratio of 17-AAG and Torin2 was 2:1) ([Fig. 1D](#f1-or-43-05-1491){ref-type="fig"}). When the concentration ratio of 17-AAG and Torin2 was 1:1 or 2:1, the synergistic effects against FRO cells were not significantly different. Hence, in subsequent experiments the combination of 17-AAG (1 µM) and Torin2 (1 µM) was selected to ensure that it provided a gentle cytotoxic action but high synergy.

### Synthesis and characterization of nanoparticles

MSNs, (17-AAG+Torin2)\@MSNs, and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab were successfully synthesized in the present study. The size and morphology of the three nanoparticles were assessed by DLS and TEM ([Fig. 2](#f2-or-43-05-1491){ref-type="fig"}). TEM images ([Fig. 2A-C](#f2-or-43-05-1491){ref-type="fig"}) revealed that the nanoparticles had good dispersion and ideal spherical shape. As revealed in [Fig. 2D-F](#f2-or-43-05-1491){ref-type="fig"}), DLS revealed that the average particle size of the nanoparticles was 135, 146, and 167 nm, respectively. The particle size range was suggested to facilitate endocytosis. The mean zeta potential of nanoparticles was −31.47, −30.21, and −5.04 mV, respectively. The changes in size and zeta potential after surface modification further demonstrated the successful attachment of the anti-VEGFR2 antibody on the surface of MSNs.

### Determination of drug loading and encapsulation efficiency

17-AAG and Torin2 were the chemotherapeutics in the treatment of ATC used by this study and combination therapy with the two drugs could directly eradicate established tumors. The standard curve of the Torin2/17-AAG concentration in DMSO was assessed by an Ultraviolet-Visible (UV--Vis) spectrophotometer at 317 or 355 nm ([Fig. 3](#f3-or-43-05-1491){ref-type="fig"}). The UV--Vis absorption spectrum revealed that the 17-AAG-loading capacity of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab was 7.29±0.23%, and the encapsulation efficiency of 17-AAG was 87.32±1.36%. Similarly, the drug loading of Torin2 was 6.15±0.64%, and the encapsulation efficiency of Torin2 was 86.23±2.15%.

### In vitro cellular uptake and VEGFR2 targeting

To assess whether the anti-VEGFR2 antibody maintains its binding specificity and affinity for VEGFR2 in combination with (17-AAG+Torin2)\@MSNs, a systematic flow cytometric study was performed. The flow cytometric study revealed that (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab could bind to FRO cells efficiently ([Fig. 4](#f4-or-43-05-1491){ref-type="fig"}). In addition, as revealed in [Fig. 4A and B](#f4-or-43-05-1491){ref-type="fig"}), the uptake and the binding of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab were markedly higher than those of (17-AAG+Torin2)\@MSNs in FRO cells after 0.5 or 3 h incubation at 37°C. However, the binding and uptake of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab or (17-AAG+Torin2)\@MSNs exhibited no significant change in FRO cells after 8 h of incubation ([Fig. 4C](#f4-or-43-05-1491){ref-type="fig"}). All the results indicated that (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab had highly specific binding in FRO cells.

### Cellular cytotoxicity of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab in vitro

As revealed in [Fig. 5A](#f5-or-43-05-1491){ref-type="fig"} and [Table IV](#tIV-or-43-05-1491){ref-type="table"}, with increasing drug concentration, cell viability gradually decreased. In addition, (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab groups displayed increased toxicity compared to the (17-AAG+Torin2) group on FRO cells (t=0.55--5.75, P\<0.05). In addition, the cell viability of the (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab group was significantly decreased compared to the (17-AAG+Torin2)\@MSNs (t=0.33--6.64, P\<0.05). Therefore, the results indicated that the (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab could effectively inhibit the proliferation of FRO tumor cells and exhibited great potential for cancer therapy. Additionally, the inhibitory effect of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab on Nthy-ori 3-1 cells was also analyzed, which revealed low expression of VEGFR2 on its surface ([@b35-or-43-05-1491],[@b36-or-43-05-1491]) and FRO cells using the combination of 17-AAG (1 µM) and Torin2 (1 µM). In [Fig. 5C](#f5-or-43-05-1491){ref-type="fig"}, it was revealed that there was no significant difference in the cell viability of Nthy-ori 3-1 cells after 48 h of treatment with (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab. The results which revealed the higher cell viability of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab and (17-AAG+Torin2)\@MSNs groups on Nthy-ori 3-1 cells ([Fig. 5C](#f5-or-43-05-1491){ref-type="fig"}) compared to FRO cells ([Fig. 5B](#f5-or-43-05-1491){ref-type="fig"}) confirmed the specificity of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab on VEGFR2-positive cells and the low cytotoxicity on normal cells ([Fig. 5D](#f5-or-43-05-1491){ref-type="fig"}).

### In vivo effects of (17-AAG+Torin2)\@MSNs-Anti-VEGFR2 ab on tumor growth in tumor xenograft mice

The changes in the tumor volumes of the three groups were revealed in [Fig. 6A](#f6-or-43-05-1491){ref-type="fig"}. Significant inhibition of tumor growth was observed in animals treated with (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab. The tumor volume of mice treated with (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab were significantly different from the mice treated with normal saline or (17-AAG+Torin2)\@MSNs, indicating that (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab could inhibit tumor growth more effectively. Rapid body weight losses were observed in the xenografted ATC nude mice treated with normal saline. By contrast, the body weight increased in mice treated with (17-AAG+Torin2)\@MSNs or (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab, especially for the group treated with (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab ([Fig. 6B](#f6-or-43-05-1491){ref-type="fig"}). The Kaplan-Meier survival curves of all study groups are presented in [Fig. 6C](#f6-or-43-05-1491){ref-type="fig"}. The median survival time of those three groups (treated with normal saline, treated with (17-AAG+Torin2)\@MSNs, and (17-AAG+Torin2)\@MSNs-Anti-VEGFR2 ab was 27.5, 33, and 39.5 days, respectively. Additionally, analysis via a log-rank test verified that the median survival time in the group treated with the (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab was significantly prolonged compared with the group treated with (17-AAG+Torin2)\@MSNs or normal saline (all P\<0.01).

### Histopathological and immunohistochemistry analysis

In order to evaluate the antitumor effect of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab *in vivo*, the H&E staining sections of various experimental groups under light microscope were observed. The tumors treated with (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab both revealed necrosis and degeneration of tumor cells, whereas the latter induce more necrosis of tumor cells. However, no significant pathological changes in tumors were observed after treatment with saline group ([Fig. 7](#f7-or-43-05-1491){ref-type="fig"}). Decreased expression of Ki-67 and CD34 was observed in the (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab group, which indicated the suppression of tumor cell proliferation and the effective inhibition of vascularization in the (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab group and the (17-AAG+Torin2)\@MSNs group, compared to the saline group ([Fig. 7](#f7-or-43-05-1491){ref-type="fig"}). Additionally, the results from the histopathology and immunohistochemistry revealed that (17-AAG+Torin2)\@MSNs-anti-VEGFFR2 ab could more effectively inhibit tumor progression *in vivo* than (17-AAG+Torin2)\@MSNs.

Discussion
==========

Anaplastic thyroid carcinoma (ATC) is a rare and fatal malignancy that almost always spreads simultaneously at the time of diagnosis. However, ATC has a very poor prognosis due to its resistance to traditional thyroid cancer treatments, including the suppression of TSH and radioiodine. Nowadays, targeted molecular therapy, as a new treatment method, has become the important treatment in reducing the morbidity and mortality of the malignancy ([@b4-or-43-05-1491]).

HSP90, as a molecular chaperone protein, is expressed in tumor cells 2- to 10-fold higher than normal cells ([@b37-or-43-05-1491],[@b38-or-43-05-1491]). It is an important component of numerous oncogene pathways and plays an important role in regulating the growth and survival of tumor cells. Mechanistically, 17-AAG binds to the ATP-binding sac at the amino terminus of HSP90, to inhibit HSP90 function. Moreover, 17-AAG also inhibits phosphatidylinositol-3 kinase cascades and MAPK ([@b14-or-43-05-1491],[@b39-or-43-05-1491]). Recently, research has demonstrated that thyroid carcinoma cell lines are sensitive to 17-AAG. The sensitivity of this agent to cytotoxicity was revealed to be related to the level of HSP90 expression in thyroid carcinoma cell lines and the loss of AKT which is the direct target of HSP90 ([@b38-or-43-05-1491],[@b40-or-43-05-1491]). In the present study, 17-AAG had the ability to significantly inhibit the proliferation of FRO cells in a time- and dose-dependent manner, which expounds the antitumor effects of 17-AAG on ATC. An increasing amount of research has revealed that Torin2 inhibits the proliferation and migration of tumor cells by inhibiting the phosphorylation of AKT and thereby blocking the PI3K/AKT/mTOR signal transduction pathway ([@b41-or-43-05-1491]--[@b43-or-43-05-1491]). Sadowski *et al* ([@b41-or-43-05-1491]) demonstrated that the mTOR pathway was upregulated in ATC, and Torin2 inhibited the phosphorylation of mTOR pathway-related proteins and mTORC1 (phospho-4E-BP1, total 4E-BP1, and phpspho-PRAS40) in a dose-dependent manner. In addition, De Raedt *et al* ([@b44-or-43-05-1491]), revealed that 17-AAG could increase the cytotoxicity of mTOR inhibitors by acting on a compensatory pathway associated with AKT activation. Compared with single treatments, the low dose of 17-AAG combined with Torin2 could lead to higher cytotoxicity. Using CompuSyn software analysis, it was concluded that synergistic effects occurred (CI\<1) in FRO cells when the total concentrations of the two drugs was \>0.52 µM (the rate of 17-AAG and Torin2 was 1:1) or 0.79 µM (the rate of 17-AAG and Torin2 was 2:1). In summary, the coordinate suppression of 17-AAG and Torin2 on cell proliferation of a human thyroid carcinoma cell line (FRO) was demonstrated.

Nanomaterials have been widely used in the field of biomedicine, including silica, liposomes, polymers, and gold and iron oxide nanoparticles ([@b4-or-43-05-1491],[@b45-or-43-05-1491]). Compared to other silica nanomaterials, MSNs are widely used due to their higher surface area, non-toxic property, improved ductility and permeability, adjustable pore structure, chemically modifiable outer surface, and improved biological compatibility ([@b45-or-43-05-1491],[@b46-or-43-05-1491]). Additionally, MSNs exhibited improved stability and drug loading capacity, remained for a longer time in the reticuloendothelial system compared to polymeric nanoparticles or liposomes, and performed improved controlled drug release when compared with gold and iron oxide nanoparticles ([@b45-or-43-05-1491],[@b46-or-43-05-1491]). In the present study, (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab, a novel VEGFR2-targeted nanoparticle, based on MSNs which improves the concentration of drugs in tumor sites was reported. The process of preparing (17-AAG+Torin2)\@MSNs-Anti-VEGFR2 ab was presented. Through a targeting mechanism for VEGFR2, the present (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab are expected to target VEGFR2 of thyroid cancer cells and then deliver drugs into cells. Hsiao *et al* ([@b35-or-43-05-1491]) confirmed that the high expression of the VEGFR protein was associated with the risk of spread of the thyroid cancer cells. As a result, a flow cytometric study was employed in the present study to observe whether the anti-VEGFR2 antibody maintains its binding specificity and affinity for VEGFR2 in combination with MSNs. Concurrently, the cell uptake of nanoparticles could be observed. The high binding and uptake of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab by FRO cells further confirmed the overexpression of VEGFR2 on the surface of anaplastic thyroid carcinoma cells and the function of the anti-VEGFR2 antibody was not destroyed.

In the present study, the efficacies of (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab for the therapy of anaplastic thyroid carcinoma *in vivo* and *in vitro* was estimated. As revealed in [Fig. 6](#f6-or-43-05-1491){ref-type="fig"}, the results confirmed that both (17-AAG+Torin2)\@MSNs and (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab were effective in inhibiting the growth of ATC and that the (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab exhibited more significant inhibition of ATC. Histopathological and immunohistochemical studies confirmed that tumors treated with the (17-AAG + Torin2)\@MSNs-anti-VEGFR2 ab group had degeneration and massive necrosis of tumor cells, cell proliferation and angiogenesis were evidently decreased, however, the specific mechanism was still unclear.

Some studies have reported that direct intra-tumoral injection is clearly appealing in the treatment of neck and head tumors ([@b47-or-43-05-1491],[@b48-or-43-05-1491]). In the present study, intra-tumoral drug administration was used, which achieved a high drug concentration at the target sites and few side effects of systemic chemotherapy with a convenient operation. However, the clinical application of intra-tumoral drugs has slowed down recently due to its limitations, especially since primary tumors are easier to remove by surgery. However, for the treatment of metastatic or inoperable diseases, systemic treatment is necessary ([@b49-or-43-05-1491]).

In this systematic research, the toxic effects of 17-AAG and Torin2 on FRO cells were mainly studied, using MSNs as a more efficient drug delivery system. However, there are a few limitations in the present study. Firstly, the expression levels of HSP90, VEGFR2 and p-mTOR were not determined using western blot or RT-PCR assays although research has confirmed that their expression levels were high in ATC cells. However, the exact mechanism of the crosstalk between 17-AAG and Torin2 is still unclear. Secondly, although the present study provided favorable results using the FRO cell line, a non-metastatic cell line, further research should in fact be performed to verify/compare the results in other ATC cells or VEGFR-negative carcinoma cells. Thirdly, the safety of the delivery was verified in only one normal cell line, further experiments should be performed on additional normal cells (both VEGFR-positive and -negative).

In conclusion, the present study confirmed that (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab exhibited great advantages in loading anticancer drugs, and is expected to play a significant role in killing tumor cells and becoming a new method for treating ATC.
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![The cell viability of FRO cells treated with (A) 17-AAG only and (B) Torin2 only, for 24, 48, and 72 h. (C) The cell viability of FRO cells treated with 17-AAG and Torin2 at different concentrations and ratios for 48 h. (D) The CI plot obtained from CompuSyn Report for 17-AAG and Torin2 combinations. 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; Torin2 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one; CI, combination index.](OR-43-05-1491-g00){#f1-or-43-05-1491}

![Characterization of synthesized nanoparticles. (A) TEM image of MSNs. (B) TEM image of (17-AAG+Torin2)\@MSNs. (C) TEM image of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab. (D) Particle size of MSNs. (E) Particle size of (17-AAG+Torin2)\@MSNs. (F) Particle size of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab. TEM, transmission electron microscope; MSNs, mesoporous silica nanoparticles; 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; Torin2 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one; VEGFR2, vascular endothelial growth factor receptor 2.](OR-43-05-1491-g01){#f2-or-43-05-1491}

![UV--V is absorption wavelength and standard curve of various concentrations of (A) 17-AAG and (B) Torin2, respectively. 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; Torin2 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one; VEGFR2, vascular endothelial growth factor receptor 2.](OR-43-05-1491-g02){#f3-or-43-05-1491}

![Flow cytometric analysis of (A) FRO cells incubated with (17-AAG+Torin2)\@MSNs or (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab for 0.5 h, respectively. (B) FRO cells incubated with (17-AAG+Torin2)\@MSNs or (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab for 3 h, respectively. (C) FRO cells incubated with (17-AAG+Torin2)\@MSNs or (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab for 8 h, respectively. 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; Torin2 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one; VEGFR2, vascular endothelial growth factor receptor 2.](OR-43-05-1491-g03){#f4-or-43-05-1491}

![Cellular cytotoxicity of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab *in vitro*. (A) FRO cells were incubated with various concentrations of free drugs, and drugs loaded into either MSNs or MSNs-anti-VEGFR2 ab for 48 h. (B and C) FRO, and N-thy-ori 3-1 cell lines were incubated with control medium (Control), MSNs, (17-AAG+Torin2)\@MSNs, (17-AAG+Torin2)\@MSNs-Anti-VEGFR2 ab for 48 h (the concentration of 17-AAG or Torin2 was 1 µM, respectively). (D) Schematic illustration of the synthesis process of the (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab. \*P\<0.05. 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; Torin2 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one; VEGFR2, vascular endothelial growth factor receptor 2.](OR-43-05-1491-g04){#f5-or-43-05-1491}

![Anticancer effects of (17-AAG+Torin2)\@MSNs-anti-VEGFR2 ab and (17-AAG+Torin2)\@MSNs in FRO tumor xenograft mice. (A) The tumor volume changes, (B) the body weight changes, and (C) the Kaplan-Meier survival curves in the tumor xenograft mice (n=6/group). 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; Torin2 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one; VEGFR2, vascular endothelial growth factor receptor 2.](OR-43-05-1491-g05){#f6-or-43-05-1491}

![Histopathological and immunohistochemical (H&E) analysis.](OR-43-05-1491-g06){#f7-or-43-05-1491}

###### 

Viability of FRO cells treated with various concentrations of 17-AAG at different time-points (mean ± SD, %).

  Concentration (µM)   24 h (%)     48 h (%)     72 h (%)     F (P-value)^[a](#tfn1-or-43-05-1491){ref-type="table-fn"}^   P~1~^[b](#tfn2-or-43-05-1491){ref-type="table-fn"}^   P~2~^[b](#tfn2-or-43-05-1491){ref-type="table-fn"}^   P~3~^[b](#tfn2-or-43-05-1491){ref-type="table-fn"}^
  -------------------- ------------ ------------ ------------ ------------------------------------------------------------ ----------------------------------------------------- ----------------------------------------------------- -----------------------------------------------------
  0.1                  87.51±4.01   72.12±1.21   63.83±2.43   111.02 (\<0.01)                                              \<0.01                                                \<0.01                                                0.01
  0.2                  82.24±2.41   67.79±1.32   57.75±1.98   238.12 (\<0.01)                                              \<0.01                                                \<0.01                                                \<0.01
  0.5                  78.42±3.89   57.43±2.98   44.93±1.43   198.00 (\<0.01)                                              \<0.01                                                \<0.01                                                \<0.01
  1                    74.25±2.11   51.82±2.43   35.78±2.68   383.69 (\<0.01)                                              \<0.01                                                \<0.01                                                \<0.01
  2                    71.37±2.01   44.31±1.36   32.44±2.34   147.32 (\<0.01)                                              \<0.01                                                \<0.01                                                \<0.01
  5                    69.01±1.21   39.92±2.43   25.92±2.01   201.32 (\<0.01)                                              \<0.01                                                \<0.01                                                \<0.01

Analyzed by ANOVA.

Analyzed by a post hoc test (LSD method). P~1~, 24 vs. 48 h; P~2~, 24 vs. 72 h; P~3~, 48 vs. 72 h. 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; ANOVA, analysis of variance; LSD, least significant difference.

###### 

Viability of FRO cells treated with various concentrations of Torin2 at different time-points (mean ± SD, %).

  Concentration (µM)   24 h (%)     48 h (%)     72 h (%)     F (P-value)^[a](#tfn3-or-43-05-1491){ref-type="table-fn"}^   P~1~^[b](#tfn4-or-43-05-1491){ref-type="table-fn"}^   P~2~^[b](#tfn4-or-43-05-1491){ref-type="table-fn"}^   P~3~^[b](#tfn4-or-43-05-1491){ref-type="table-fn"}^
  -------------------- ------------ ------------ ------------ ------------------------------------------------------------ ----------------------------------------------------- ----------------------------------------------------- -----------------------------------------------------
  0.1                  75.13±7.31   68.89±2.14   61.49±2.14   12.87 (\<0.01)                                               0.15                                                  0.01                                                  0.09
  0.2                  65.48±2.40   62.24±3.26   49.72±2.63   53.50 (\<0.01)                                               0.20                                                  \<0.01                                                \<0.01
  0.5                  63.26±5.68   52.67±4.00   43.43±1.46   33.78 (\<0.01)                                               0.02                                                  \<0.01                                                0.03
  1                    61.42±1.13   46.85±1.76   35.12±1.02   577.06 (\<0.01)                                              \<0.01                                                \<0.01                                                \<0.01
  2                    51.42±7.31   42.52±1.14   22.91±3.19   59.00 (\<0.01)                                               0.06                                                  \<0.01                                                \<0.01
  5                    48.11±4.84   33.56±2.85   11.91±2.15   165.12 (\<0.01)                                              \<0.01                                                \<0.01                                                \<0.01

Analyzed by ANOVA.

Analyzed by a post hoc test (LSD method). P~1~, 24 vs. 48 h; P~2~, 24 vs. 72 h; P~3~, 48 vs. 72 h. Torin2, 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one; ANOVA, analysis of variance; LSD, least significant difference.

###### 

Cell inhibition rate after the combination of two drugs with various concentrations and at different ratios (mean ± SD, %).

        17-AAG:Torin2                       
  ----- --------------- ------------ ------ --------
  0.1   31.64±1.24      38.28±2.37   6.08   \<0.01
  0.2   41.21±2.14      44.88±4.81   1.71   0.12
  0.5   50.11±3.69      51.73±3.21   0.81   0.44
  1     64.59±1.47      69.78±1.23   6.63   \<0.01
  2     88.87±5.21      92.31±4.58   1.21   0.25
  5     98.63±2.40      99.75±1.86   0.90   0.39

Analyzed by Student\'s t-test. 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; Torin2, 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one.

###### 

Viability of FRO Cells treated with various concentrations of nano-drug carriers at 48 h (mean ± SD, %).

  Concentration (µM)   A            B            C            F (P-value)^[b](#tfn8-or-43-05-1491){ref-type="table-fn"}^   tA:B(P-value)^[c](#tfn9-or-43-05-1491){ref-type="table-fn"}^   tB:C(P-value)^[c](#tfn9-or-43-05-1491){ref-type="table-fn"}^
  -------------------- ------------ ------------ ------------ ------------------------------------------------------------ -------------------------------------------------------------- --------------------------------------------------------------
  0.1                  68.36±1.24   64.24±3.67   59.88±2.01   17.00 (\<0.01)                                               2.61 (\<0.05)                                                  2.55 (\<0.05)
  0.2                  58.79±2.14   51.11±2.58   45.39±2.78   42.91 (\<0.01)                                               5.61 (\<0.01)                                                  3.69 (\<0.01)
  0.5                  49.89±3.69   40.69±1.32   31.68±3.15   59.03 (\<0.01)                                               5.75 (\<0.01)                                                  6.46 (\<0.01)
  1                    35.41±1.47   29.38±2.21   19.97±2.68   76.60 (\<0.01)                                               5.56 (\<0.01)                                                  6.64 (\<0.01)
  2                    11.13±5.21   5.57±2.07    3.25±2.34    7.91 (\<0.01)                                                2.35 (\<0.05)                                                  1.96 (0.76)
  5                    1.37±2.40    0.79±1.01    0.49±2.01    0.33 (\<0.01)                                                0.55 (0.62)                                                    0.33 (0.69)

A, (17-AAG+Torin2) group; B, (17-AAG+Torin2)\@MSNs group; C, (17-AAG+Torin2)\@MSNs-Anti-VEGFR2 ab group.

The concentration of Torin2

analyzed by analysis of variance

analyzed by Student\'s t-test. 17-AAG, 17-allylamino-17-demethoxy-geldanamycin; Torin2, 9-(6-aminopyridin-3-yl)-1-(3-(trifluoromethyl)phenyl)benzo\[h\]\[1,6\]naphthyridin-2(1H)-one.
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